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Abstract
Electroweak precision measurements established that custodial symmetry is pre-
served to a good accuracy in the gauge sector after electroweak symmetry break-
ing. However, recent LHC results might be interpreted as pointing towards Higgs
couplings that do not respect such symmetry. Motivated by this possibility, we re-
consider the presence of an explicitly custodial breaking coupling in a generic Higgs
parameterization. After briefly commenting on the large UV sensitivity of the T
parameter to such a coupling, we perform a fit to results of Higgs searches at LHC
and Tevatron, and find that the apparent enhancement of the ZZ channel with
respect to WW can be accommodated. Two degenerate best-fit points are present,
which we label ‘Zphilic’ and ‘dysZphilic’ depending on the sign of the hZZ cou-
pling. Finally we highlight some measurements at future linear colliders that may
remove such degeneracy.
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1 Introduction
The main goal of the LHC is to shed light on the mechanism of ElectroWeak Symmetry Break-
ing (EWSB). The recent excesses observed in searches for the Higgs boson at ATLAS and
CMS, supplemented by some hints from the Tevatron, can be seen as the starting point in this
direction. Even though they are far from being conclusive, the experimental results point to a
resonance with mass around 125 GeV and, broadly speaking, Higgs-like behavior. If such hints
really correspond to the first manifestation of a new degree of freedom, then the measurement
and study of its properties will be crucial to unveil EWSB. This is even more true in the absence
of any direct evidence of physics beyond the Standard Model (SM) so far.
The EWSB sector has been indirectly probed by the LEP precision tests, which represent a
primary source of information: one of the most important outcomes of precision measurements
is that the gauge sector after EWSB must approximately respect an SU(2)c custodial symme-
try. Such requirement is satisfied by the SM description of EWSB. On the other hand, at the
moment experimental excesses at the LHC may be interpreted as pointing to non-SM Higgs
couplings, especially in the gauge sector. In fact, not only is there a trend of underproduction in
the WW channel and of overproduction in the γγ channel (for the latter, the excess is stronger
in the vector boson fusion subchannel), but an enhancement of the ZZ signal with respect to
WW is observed, whereas custodial symmetry implies that the two have the same strength
(when normalized to their SM values).
Clearly such hints could be just due to statistical fluctuations, or to issues with the modeling
of complex backgrounds (for example, in the h→ WW channel). Nevertheless, it is interesting
to ask what would be the implications if the current pattern of excesses were to be confirmed
with more data. In this spirit, we relax the assumption of custodial invariance in the couplings
of the Higgs resonance and perform a fit to the results of Higgs searches by employing a param-
eterization where explicit custodial breaking is allowed. Our model-independent approach is
similar in spirit to other recent analyses of the Higgs experimental results, see Refs. [1–5] 1. We
also analyze the effects on the electroweak parameter T , finding that if the couplings hWW and
hZZ do not respect custodial symmetry, then T receives quadratically divergent corrections.
In a concrete model, new degrees of freedom below the cutoff must therefore conspire to make
the total contribution to T compatible with electroweak precision tests (EWPT).
Not surprisingly, the fit to the results of Higgs searches points to a Higgs coupling more
strongly to ZZ than to WW . Two exactly degenerate best-fit points appear, which we label
‘Zphilic’ and ‘dysZphilic’ depending on the sign of the hZZ coupling. Such sign, although
unobservable in current Higgs searches, is physical in processes involving interference. We
therefore discuss some future measurements at colliders that may be used to resolve the degen-
eracy.
We remark that many proposals for physics beyond the SM exist in the literature where the
1See Refs. [6–12] for earlier studies on the determination of Higgs couplings, and Refs. [13–15] for other
recent related work.
1
custodial symmetry is not respected: for example, models where the Higgs sector is extended
with scalar triplets that get a non-vanishing vacuum expectation value, generic two Higgs dou-
blet models, as well as theories where the Higgs arises as the pseudo-Goldstone boson of a coset
G/H where H does not contain SO(4) ∼ SU(2)× SU(2), such as SU(3)/(SU(2)× U(1)), fall
in this class.
Our paper is structured as follows: we start by introducing our parameterization and dis-
cussing the fit to LHC data in Section 2, where we also briefly comment on the effect of explicit
custodial breaking on the electroweak T parameter. In the light of our results, we discuss in
Section 3 some implications for future precision measurements of Higgs properties. Finally, we
conclude in Section 4.
2 Lagrangian, T parameter and fit to LHC data
We employ the usual parameterization of interactions of SM fields with a generic Higgs boson by
considering an EW chiral Lagrangian coupled to a scalar resonance h. The Goldstone bosons
corresponding to the longitudinal polarizations of the W and Z are introduced through the
chiral field
Σ(x) = exp(iσapia(x)/v) (2.1)
with v ' 246 GeV. The Lagrangian mass terms are then
Lmass = v
2
4
Tr
[
(DµΣ)
† (DµΣ)
]
− v√
2
∑
i,j
(
u¯
(i)
L d
(i)
L
)
Σ
(
λuij u
(j)
R
λdij d
(j)
R
)
+ h.c. (2.2)
where
DµΣ = ∂µΣ− igσ
a
2
W aµΣ + ig
′Σ
σ3
2
Bµ . (2.3)
We omit for simplicity lepton masses, which could be introduced in the same way as for quarks.
Notice that this Lagrangian is approximately invariant under a global SU(2)L×SU(2)R, under
which Σ transforms as
Σ→ UL ΣU †R . (2.4)
This invariance is broken in the vacuum to the diagonal SU(2)c (the ‘custodial symmetry’),
which guarantees that the ρ parameter, defined as
ρ =
m2W
m2Z cos
2 θW
= 1 + Tˆ = 1 + αT , (2.5)
satisfies the tree level relation ρ = 1, as experimentally verified to good accuracy. In principle
the Lagrangian (2.2) could contain an additional term
v2
(
Tr
[
Σ†DµΣσ3
])2
(2.6)
2
that is gauge invariant, but explicitly breaks SU(2)L × SU(2)R and therefore the custodial
symmetry. To prevent large deviations from ρ = 1 and thus tensions with precision tests, its
coefficient has to be very small, O(10−3), so the term (2.6) is usually neglected.
As it is well known, the description (2.2) leads to amplitudes for longitudinal gauge boson
scattering that grow with energy, and as a consequence to a loss of perturbative unitarity at a
scale 4piv ∼ 3 TeV . To moderate the growth of amplitudes and therefore postpone the pertur-
bative unitarity breakdown, a scalar resonance transforming as a singlet under the custodial
symmetry can be introduced. We can thus add to Eq. (2.2) all possible interactions with the
scalar resonance up to second order, obtaining [16] (see also Refs. [17, 18] for an introduction)
Lh =1
2
(∂µh)
2 − V (h) + v
2
4
Tr
[
(DµΣ)
† (DµΣ)
](
1 + 2a
h
v
+ b
h2
v2
+ . . .
)
− v√
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h
v
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h2
v2
+ · · ·
)(
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j
R
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j
R
)
+ h.c.
(2.7)
where a, b, c, c2 are free parameters (the SM is retrieved by choosing a = b = c = 1 , c2 = 0 and
vanishing terms of higher order in h). We do not write explicitly the scalar self-interactions
contained in V (h), as they will not be relevant in our discussion.
Since we are interested in custodial breaking effects, we add to the Lagrangian the following
terms
Lcb = −v
2
8
(
Tr
[
Σ†DµΣσ3
])2(
tcb + 2acb
h
v
+ · · ·
)
, (2.8)
where tcb and acb are free parameters
2 and the overall normalization has been chosen for later
convenience. As we already mentioned, tcb contributes to T at tree level, Tˆ = −tcb . On the
other hand, the consequences of the coupling acb can be seen by going to the unitary gauge,
Σ = 1: the interactions of the Higgs with vector bosons are modified as follows
LhV V =
[
a m2WW
+
µ W
−
µ +
1
2
(a+ acb) m
2
ZZµZµ
](
2
h
v
)
. (2.9)
Clearly the ratio between the two couplings differs from the usual SM value ghWW/ghZZ = cos
2 θW .
In a SILH Lagrangian [19], where the SM gauge symmetries are linearly realized in the strong
sector, we can consider the following operators
OH = cH
2f 2
∂µ(H†H)∂µ(H†H) , OT = cT
2f 2
(
H†DµH − (DµH)†H
)2
(2.10)
where H is the (composite) Higgs doublet emerging as a pseudo-Goldstone boson from the
strong sector. We find
a = 1− cH
2
v2
f 2
, acb = −2cT v
2
f 2
. (2.11)
However, in addition a contribution tcb = −cT (v2/f 2) is generated, or equivalently a correction
Tˆ = cT (v
2/f 2) . Therefore in this case the coefficients tcb and acb in Eq. (2.8) are of the same
2Higher orders in the Higgs are negligible for our purposes.
3
order. We recall that cH is in general
3 positive definite [20], implying the generic expectation
a < 1 in composite Higgs models. However, in the following we will not restrict ourselves to
this range. For a discussion of how a > 1 could arise, see Ref. [21].
2.1 T parameter
It is well known that when a 6= 1 in Eq. (2.7), a logarithmically divergent contribution to T (as
well as to S) arises. Such contribution is due to the diagrams in Fig. 1(a), and is computable
within the low-energy theory, see Ref. [22]. However, in the present case we also need to
consider the effects of explicit custodial breaking contained in Eq. (2.8). Even if we set tcb = 0,
a quadratic UV sensitivity appears in T , due to the diagrams involving the Higgs shown in
Fig. 1(b). This quadratic divergence reads
TˆUV = ∆UV1 =
1
16pi2
Λ2
v2
(
a2 − (a+ acb)2
)
, (2.12)
where Λ is the cutoff: setting Λ = 4piv, we obtain a contribution of tree-level size. In a
concrete model, new degrees of freedom below the cutoff will need to conspire to make the total
contribution to T compatible with EW precision data. This will require in general a certain
amount of tuning, which we quantify in Fig. 2 by showing isocontours of |∆UV1 /exp1 |−1 , where
the experimental value of the 1 parameter is 
exp
1 = (5.4± 1.0)× 10−3 [23]. In the same figure
we also show isocontours of |∆TL1 /exp1 |−1 , where
∆TL1 = −
acb
2
(2.13)
is the tree-level contribution that arises when the full gauge invariant operator OT is considered.
We see that the level of tuning is roughly similar in the two cases. A full computation of T
requires choosing a complete model, see Refs. [24–26] and references therein for examples.
2.2 Recent LHC results
In this section we will perform a fit to the results of experimental searches for the Higgs at LHC
and at Tevatron. We are going to use the full set of data released in March by ATLAS [27,28],
CMS [29,30] and Tevatron [31], as reported in Fig. 3 4. Experimental results are given in terms
of
µ =
(σprod ×BR)obs
(σprod ×BR)SM . (2.14)
In presence of a signal a best fit for this quantity is given along with errors. Several comments
are in order about the dependence of µ on (a, acb, c) for the different channels:
3The contribution to cH arising from integrating out triplet scalars is negative. However, in models where
the collective symmetry breaking mechanism is realized, such as Little Higgs theories, the total contribution to
cH is positive even in presence of scalar triplets. See Ref. [20].
4We have included all the channels for which a signal strength has been provided. We exclude from this set
only the ATLAS results on h → bb¯ and h → τ τ¯ , which are difficult to interpret within the framework of our
simple analysis.
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Figure 1: (a) Diagrams giving a logarithmic divergence in T when a 6= 1 . This is the leading
correction in the custodial-preserving case. (b) Diagrams giving a quadratic divergence in T
when acb 6= 1 , see Eq. (2.12).
• The pp→ hjj → γγjj sample at CMS is assumed to be produced through Vector Boson
Fusion (VBF) with a small contamination coming from gluon fusion [32], so that
rγγjj(a, acb, c) =
σprod(a, acb, c)
σSMprod
=
0.033 c2 σgg + rV BF (a, acb)σV BF
0.033σgg + σV BF
(2.15)
where
rV BF (a, acb) =
a2 +RV BF (a+ acb)
2
1 +RV BF
. (2.16)
RV BF ∼ 1/2.93 is the ratio between ZZ and WW fusion production in the SM (at LHC,
7 TeV) [33], σgg is the gluon fusion production cross section and σV BF/σgg ≈ 0.079.
• We include the ATLAS results from fermiophobic (FP) Higgs searches in pp→ hX → γγX.
Following Ref. [4] we take the production to be dominated by VBF with a sizable con-
tamination from gluon fusion:
rFP (a, acb, c) =
0.3 c2 σgg + rV BF (a, acb)σV BF
0.3σgg + σV BF
. (2.17)
• h → bb¯ is observed in the associated production channel V → V h → V bb¯. Taking into
account the possibility of V being either a W or a Z we have
rV h(a, acb) =
a2 +RV h(a+ acb)
2
1 +RV h
(2.18)
where RV h is the ratio of Zh to Wh production in the SM, equal to 0.55 at LHC and to
0.61 at Tevatron.
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Figure 2: Isocontours in the (a, acb) plane of |∆UV1 /exp1 |−1 (solid, black) and of |∆TL1 /exp1 |−1
(red, dashed), roughly representing the amount of tuning needed to satisfy EWPT.
• All the other channels are assumed to come from inclusive production. In this case for
LHC
rLHCincl (a, acb, c) =
c2σgg + rV BF (a, acb)σV BF + rV h(a, acb)σV h
σgg + σV BF + σV h
∼ c2 (2.19)
where σV h/σgg ≈ 0.058, and the last approximate equality holds because the main pro-
duction mechanism is gluon fusion. We have checked that considering inclusive WW and
ZZ production as coming only from gluon fusion and VBF, as done in Ref. [3], does
not significantly affect our results. An equation completely analogous to (2.19) holds for
inclusive production at Tevatron.
• The partial width for h → γγ, which arises both from W and from heavy fermion (top,
bottom and tau) loops, gets rescaled as
rγγ(a) =
Γ(h→ γγ)
Γ(h→ γγ)SM ' (1.26 a− 0.26 c)
2 (2.20)
for mh = 125 GeV .
After computing production cross sections and BRs we construct a χ2 function
χ2(a, acb, c) =
∑
i
(µˆi − µi(a, acb, c))2
δµ2i
, (2.21)
where µˆi is the experimental central value, and δµi is the total error. The latter is obtained
by summing in quadrature the experimental error (symmetrized by means of an average in
6
Channel µˆ ∼ σprod × Γ
γ γ 2+0.8−0.7 c
2 × rγγ(a, c)
γ γFP 3.3
+1.1
−1.1 rFP (a, acb, c)× rγγ(a, c)
Z Z? 1.6+1.6−1. c
2 × (a+ acb)2
W W ? 0.2+0.6−0.6 c
2 × a2
γ γ 2.1+2.−1.6 c
2 × rγγ(a, c)
γ γ 0.6+1.−0.9 c
2 × rγγ(a, c)
γ γ 2.2+1.5−1.4 c
2 × rγγ(a, c)
γ γ 0.6+1.8−1.7 c
2 × rγγ(a, c)
γ γ jj 3.6+2.2−1.6 rγγjj(a, acb, c)× rγγ(a, c)
Z Z? 0.6+1.−0.6 c
2 × (a+ acb)2
W W ? 0.4+0.6−0.6 c
2 × a2
b b¯ 1.2+2.1−1.9 rV h(a, acb)× c2
τ τ¯ 0.6+1.1−1.2 c
2 × c2
W W ? 0.0+1.2−0 c
2 × a2
b b¯ 2.0+0.8−0.7 rV h(a, acb)× c2
Figure 3: Summary table of the experimental results that we included in our analysis. The
signal strengths for all CMS and Tevatron channels, as well as for the ATLAS WW and γγFP
are taken at mh = 125 GeV. On the other hand, for the ATLAS ZZ and γγ channels we use
the peak signal strength. We report the leading scaling with the parameters (a, acb, c) both for
production cross section and partial decay width in the various channels. The predictions of
the best fit points are also shown in orange.
quadrature) to the theoretical error. The theoretical error comes from the uncertainties on
cross sections, and is relevant only when two or more production mechanisms are summed over.
We simply propagate the errors, taking their values for the single production mechanisms from
Ref. [34].
Since we are interested in the gauge sector, and in particular in custodial breaking effects,
we treat c as a nuisance parameter. Thus a χ2 restricted to (a, acb) can be computed by
marginalizing over c :
χ2(a, acb) = min{c}
χ2(a, acb, c) , (2.22)
and it can be used to perform a minimum χ2 procedure. The result of the fit is summarized
in Fig. 4 left, where we also show for completeness the results without marginalization (fixing
c = 1). The best fit points are respectively (a, acb) = (0.93, 0.25) and (0.93,−2.11), both
corresponding to χ2 = 9.2 with 13 d.o.f. As expected the best fit points are ‘Zphilic’ (or
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Figure 4: Left panel: best-fit region in the (a, acb) plane from LHC results, as in Fig. 3, at
68, 95, 99% C.L. after marginalization. Dashed lines represent the analogous contours in the case
c = 1. The two best fit points with (without) marginalization are shown as black dots (crosses),
while the star is the SM point corresponding to (a, acb) = (1, 0). All the observables involved
are insensitive to the sign of a+ acb, implying the symmetry under (a, acb)→ (a,−(2a+ acb)).
Right panel: isocontours of |∆UV1 /exp1 |−1 (dotted, black) and of |∆TL1 /exp1 |−1 (red, dashed),
indicating the level of tuning needed to satisfy EWPT, are superimposed to the LHC best fit
region.
equivalently, Wphobic): µZZ/µWW = (cos
2 θW ghZZ/ghWW )
2 = (a+ acb)
2/a2 ≈ 1.6.
Notice that all the observables involved in Higgs searches are insensitive to the sign of
a+ acb (as such combination always appears squared), implying the symmetry of the contours
under (a, acb)→ (a,−(2a+ acb)). In the best-fit region where a+acb < 0 , the Higgs is actually
‘dysZphilic’, since the sign of the hZZ coupling is opposite with respect to the standard case.
We will discuss in Section 3 some future measurements that may lift the degeneracy between a
Zphilic and a dysZphilic Higgs.
As we have already mentioned in Section 2.1, new light degrees of freedom are required in
order to make a sizeable acb compatible with EWPT. In the absence of a symmetry a significant
tuning is generically needed, as shown in the right panel of Fig 4. In principle, such new light
degrees of freedom could affect the Higgs couplings, and therefore alter the interpretation of
results of Higgs searches.
An obvious consequence of acb 6= 0 is that the ratio µZZ/µWW differs from unity. This is
shown in Fig. 5, where we plot for each value of a the range of µZZ/µWW obtained varying
acb within the 68% CL region of the LHC fit (colored region). We see that within the LHC
preferred region the wide range 0.3 . µZZ/µWW . 3.5 is obtained, with the possibility of a
8
Figure 5: The colored regions show the range of µZZ/µWW (left panel) and µγγjj/µZZ (right
panel) as a function of a, obtained varying acb within the 68% CL region of the LHC fit, whereas
the full line corresponds to choosing the best-fit value of acb for the given a .
severe Zphilia (although Zphobia cannot be totally excluded at the moment).
Another channel that can be effectively enhanced is γγ, due to both c and acb. For example
if µγγjj/µZZ is considered, dramatic effects are possible even within the LHC 68% C.L. region,
as can be seen in Fig. 5.
2.3 Signal strength ratios at the LHC
We have to stress that the (a, c) and (a, acb, c) parameterizations are different and in principle
it is possible to distinguish between them. The best way is to look at ratios between well
measured µi, as most of the QCD production uncertainties are thus cancelled (especially if the
production channel is the same), as well as the dependence on the total width. See Refs. [3,35]
for a discussion of how to break degeneracies in similar fits by using ratios of signal strengths.
To show how it can be possible to distinguish between the different cases, we choose the ratios
(µγγ/µZZ , µbb¯/µZZ): in Fig. 6 we show isocurves of such ratios in the (a, c) and (a, acb) planes
respectively, superimposing them to the LHC best fit regions. To simplify the comparison, in
the right panel of Fig. 6 we have set c = 1. We see that in the (a, c) case the range allowed for
the ratios is significantly smaller than it is in the custodial breaking case.
3 Future implications
We are left with the issue of determining the sign of acb (or of a + acb if you prefer). Not
an easy quest, as the sign is physically relevant only in the presence of interference. One
readily available choice would be to look again at precision tests, in this case corrections to
9
Figure 6: Isocurves of µγγ/µZZ (solid) and of µbb¯/µZZ (dashed) in the (a, c) plane (left panel)
and in the (a, acb) plane (right panel). In both plots the LHC best-fit regions are also shown;
in the right panel, c = 1 has been set to facilitate the comparison with the custodial-preserving
case.
the Zbb¯ vertex. However the ratio between the main 1-loop Higgs contributions and the one
of interest for us goes as m2t/m
2
b and so we expect the latter to be negligible. Thus we have to
turn our attention to other, not yet measured, processes. We are going to briefly discuss four
possible experimental signatures that are, or can be in principle, sensitive to the sign of the
hZZ coupling.
Before moving to a discussion of the single channels, few comments are in order. We are
interested in processes where diagrams both with and without the hZZ vertex interfere, and we
need such interference to be non negligible in order to distinguish between the two signs. Let us
stress that the separation has to be bigger than both experimental and theoretical uncertainties.
Concerning the latter, a precise knowledge of the absolute value of the coupling constants (a
and a+ acb in particular) is required. Thus we are going to focus on possible scenarios at e
+e−
Linear Colliders (LC), for which it is reasonable to assume a measurement of ghZZ and ghWW
at the level of ∼ 1%, corresponding to
|δa|, |δ(a+ acb)| ∼ 1% . (3.1)
Such precision is expected both at ILC [36] and CLIC [37] with reference values mh = 120 GeV,√
s = 500 GeV and with 500 fb−1 of integrated luminosity. In the following we fix c = 1 in
order to highlight the main points under study.
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Zh
t W
Z
Figure 7: Leading order and main NLO contributions to h→ ZZ.
e−
e+
t
t¯
h
Figure 8: Feynman diagrams contributing to e+e− → htt¯.
3.1 h→ ZZ decay width
The first channel we investigate is the width of h→ ZZ → 4l. Here the interference occurs be-
tween tree level and higher orders, the former being sensitive to the sign flip a+ acb → −(a+ acb).
On the contrary we assume, in order to maximize the separation, that most of the radiative
corrections arise from loops not directly involving the hZZ vertex (see the diagrams in Fig. 7).
In this approximation the two cases a + acb ≷ 0 have different relative sign between LO and
NLO. Thus we can write the width in the two cases as (the superscript corresponds to the sign
of a + acb) Γ
±
ZZ ≈ Γ0ZZ(1 ± δ), with δ ≈ 1% for SM couplings [38]. Assuming departures from
the leading approximation a + acb = ±1 to have negligible effects, we quantify the relative
separation with
∆ =
∣∣∣∣Γ+Z − Γ−ZΓ+Z + Γ−Z
∣∣∣∣ = δ ≈ 1% . (3.2)
It is clear that a very high precision is required to resolve the two cases. In fact, even considering
perfect knowledge of the coupling constants, the experimental uncertainties should be at least
of the same size or smaller of ∆. We conclude that the measurement under study is not realistic.
3.2 htt¯ associated production
We now focus on a case where the interference arises between different LO contributions.
In Higgs boson associated production with tops (heavy fermions in general) the process is
essentially e+e− → Z → tt¯ with a scalar emitted either by the Z or by one of the tops (as
shown in Fig. 8). We can write the total cross section for the two cases a+ acb = ±1 as follows
σ± = (σt + σZ ± σint) , (3.3)
11
e−
e+
γ h
Z
f
Wf
Figure 9: Representative diagrams for each of the 3 classes of radiative corrections to
e+e− → Zh, see text for details.
e−
e+
Z
h
h
Figure 10: Feynman diagrams contributing to e+e− → Zhh.
where the index refers to the particle the Higgs boson is emitted from. We have σint/(σt+σZ) ≈
1− 4% , leading to
∆ =
∣∣∣∣σ+ − σ−σ+ + σ−
∣∣∣∣ . 4% , (3.4)
that needs to be compared to the experimental resolution. It has been shown [39] that from
e+e− → tt¯ the coupling gtth could be measured up to 6% precision5, which directly translates
in a precision of around 10− 12% on the cross section, at least 3 or 4 times larger than ∆. So
even this case seems unlikely to be able to resolve the different signs.
3.3 Zh associated production
The third channel we examine is the Higgs-strahlung process e+e− → Zh, see Fig. 9. As in the
first case above, we are interested in the change in sign of NLO corrections with respect to the
tree level amplitude. Following detailed analyses present in literature [40,41] we can divide the
main electroweak corrections in three different terms, as following:
• Initial State Radiation (δISR): whose amplitude clearly has the same sign of the tree level
one;
• Fermionic contributions (δF ): they are mainly due to self energy corrections to the Z
propagator. Thus, in first approximation, we expect them to have the same sign of the
LO amplitude;
• Bosonic contributions (δB): they are due to box diagrams usually involving W bosons. It
is reasonable to assume that most of these would not involve the hZZ vertex and so to
assume that δB does not present a sign flip for a disZphilic Higgs.
5At ILC with
√
s = 800 GeV and with 1000 fb−1 of integrated luminosity.
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It is then possible to write, for a+ acb ≷ 0,
σ± = σ0(1 + δISR + δF ± δB) (3.5)
as a rough estimate of the effect. Referring to a center of mass energy of 1 TeV the expected
magnitudes for such corrections6 are δISR ≈ 20%, δF ≈ 10% and δB ≈ −20%. Thus σ+ ≈ 1.1σ0,
σ− ≈ 1.5σ0 and we are able to quantify the separation between the two cases as
∆ =
∣∣∣∣σ+ − σ−σ+ + σ−
∣∣∣∣ ≈ 15% , (3.6)
if we consider the simple choices a+ acb = ±1 . A comparison with the expected experimental
sensitivity [43], which is of ∼ 3 − 5%, shows that this measurement would indeed be able to
resolve the sign.
3.4 Zhh production
Another process where interference is at leading order is e+e− → Z → Zhh . In this case
there are three distinct constributions: the diagram with two subsequent Higgs-strahlungs, the
diagram involving the hhZZ vertex, and a third one involving the Higgs self-coupling (see
Fig. 10), the last being the only one that changes sign under (a+ acb)→ −(a+ acb) . The cross
section for a+ acb = ±1 can then be written as
σ± = σ0 ± σint , (3.7)
and for
√
s = 500 GeV (which is the best choice for the process e+e− → Zhh) we find
σ+ ' 0.28 fb, σ− ' 0.09 fb. Therefore
∆ =
∣∣∣∣σ+ − σ−σ+ + σ−
∣∣∣∣ ≈ 50% , (3.8)
that needs to be compared to the experimental resolution. For an integrated luminosity of
2000 fb−1 and SM couplings, this can be as low as 10% [44]. In the case of flipped hZZ
coupling, by taking into account the reduced statistics we estimate the resolution to be still
less than 20%, i.e. more than two times smaller than ∆. So this case is promising. However,
we warn the reader that in the previous discussion we have made stronger assumptions than
for the other precision measurements we presented. First, when setting the Higgs self-coupling
λhhh to its SM value, we assumed to know it to a good accuracy, even though the measurement
of such coupling at the LHC would be a difficult task, and the best channel to measure the
trilinear at a LC with moderate
√
s would be e+e− → Zhh itself (an independent measurement
of λhhh could come from the WW fusion process e
+e− → νν¯hh at √s ∼ 1 TeV ). Second, we
assumed the hhZZ coupling to have its SM value although its measurement is challenging even
at a LC, and despite the fact that in a theory with (a, acb) 6= (1, 0) we should in general expect
deviations from the standard values also in the couplings hhZZ and hhWW . As a consequence,
one should take the estimate in Eq. (3.8) with some caution.
6The numerical values are extracted from Ref. [42], where mh = 150 GeV was assumed. However, correc-
tions due to the lower Higgs mass we are considering should be small and nonetheless would not change our
conclusions.
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4 Conclusions
Motivated by recent results of experimental searches for the Higgs boson, we relaxed the as-
sumption of custodial invariance in its couplings to the W and the Z. We described custodial
breaking through an additional parameter acb and we showed how it can accommodate the
current pattern of observed excesses, which mildly point to a Zphilic (or Wphobic) Higgs.
Should such hints be confirmed by more data, they would be evidence for custodial breaking in
Higgs couplings. Such breaking implies that the electroweak T parameter receives quadratically
divergent corrections. New light degrees of freedom would then be expected to play a role in
mimicking the approximate custodial invariance observed in EW data, generically at the price
of a sizable tuning.
We also noticed that Higgs searches are insensitive to the sign of the hZZ coupling, that is
to say they do not allow to tell a Zphilic Higgs from its dysZphilic counterpart. However the
sign of such coupling is physical, and processes in which interference is present can remove the
degeneracy. We presented some measurements at future linear colliders that could be used for
this purpose.
Acknowledgments
We are grateful to A. Falkowski and G. Isidori for discussions about the presence of quadratic
divergences in T in the absence of custodial symmetry. We thank R. Contino and M. Trott for
comments about the manuscript, and J. R. Espinosa, A. Juste and D. Pappadopulo for discus-
sions. We also thank the authors of Ref. [4] for inspiring the title of this work. This research has
been partly supported by the European Commission under the ERC Advanced Grant 226371
MassTeV and the contract PITN-GA-2009-237920 UNILHC. E. S. has been supported in part
by the European Commission under the ERC Advanced Grant 267985 DaMeSyFla. The work
of M. F. has been partly supported by the Fondazione A. Della Riccia.
References
[1] D. Carmi, A. Falkowski, E. Kuflik and T. Volansky, arXiv:1202.3144 [hep-ph].
[2] A. Azatov, R. Contino and J. Galloway, arXiv:1202.3415 [hep-ph].
[3] J. R. Espinosa, C. Grojean, M. Mu¨hlleitner and M. Trott, arXiv:1202.3697 [hep-ph].
[4] P. P. Giardino, K. Kannike, M. Raidal and A. Strumia, arXiv:1203.4254 [hep-ph].
[5] J. Ellis and T. You, arXiv:1204.0464 [hep-ph].
[6] D. Zeppenfeld, R. Kinnunen, A. Nikitenko and E. Richter-Was, Phys. Rev. D 62 (2000)
013009, arXiv:hep-ph/0002036.
[7] T. Plehn, D. L. Rainwater and D. Zeppenfeld, Phys. Rev. Lett. 88 (2002) 051801,
arXiv:hep-ph/0105325.
14
[8] M. Du¨hrssen, S. Heinemeyer, H. Logan, D. Rainwater, G. Weiglein and D. Zeppenfeld,
Phys. Rev. D 70 (2004) 113009, arXiv:hep-ph/0406323.
[9] M. Du¨hrssen, ATLAS-PHYS-2003-030.
[10] C. P. Burgess, J. Matias and M. Pospelov, Int. J. Mod. Phys. A 17 (2002) 1841, arXiv:hep-
ph/9912459.
[11] R. Lafaye, T. Plehn, M. Rauch, D. Zerwas and M. Duhrssen, JHEP 0908 (2009) 009,
arXiv:0904.3866 [hep-ph].
[12] S. Bock, R. Lafaye, T. Plehn, M. Rauch, D. Zerwas and P. M. Zerwas, Phys. Lett. B 694
(2010) 44, arXiv:1007.2645 [hep-ph].
[13] E. Cervero and J. -M. Gerard, arXiv:1202.1973 [hep-ph].
[14] T. Li, X. Wan, Y. Wang and S. Zhu, arXiv:1203.5083 [hep-ph].
[15] M. Rauch, arXiv:1203.6826 [hep-ph].
[16] R. Contino, C. Grojean, M. Moretti, F. Piccinini and R. Rattazzi, JHEP 1005, 089 (2010),
arXiv:1002.1011 [hep-ph].
[17] R. Contino, arXiv:1005.4269 [hep-ph].
[18] J. R. Espinosa, C. Grojean and M. Mu¨hlleitner, arXiv:1202.1286 [hep-ph].
[19] G. F. Giudice, C. Grojean, A. Pomarol and R. Rattazzi, JHEP 0706 (2007) 045, arXiv:hep-
ph/0703164.
[20] I. Low, R. Rattazzi and A. Vichi, JHEP 1004 (2010) 126, arXiv:0907.5413 [hep-ph].
[21] A. Falkowski, S. Rychkov and A. Urbano, arXiv:1202.1532 [hep-ph].
[22] R. Barbieri, B. Bellazzini, V. S. Rychkov and A. Varagnolo, Phys. Rev. D 76 (2007)
115008, arXiv:0706.0432 [hep-ph].
[23] ALEPH, DELPHI, L3, OPAL, SLD, LEP Electroweak Working Group, SLD Electroweak
Group and SLD Heavy Flavour Group Collaborations, Phys. Rept. 427 (2006) 257,
arXiv:hep-ex/0509008.
[24] P. H. Chankowski, S. Pokorski and J. Wagner, Eur. Phys. J. C 47 (2006) 187, arXiv:hep-
ph/0601097.
[25] M. -C. Chen, S. Dawson and T. Krupovnickas, Phys. Rev. D 74 (2006) 035001, arXiv:hep-
ph/0604102.
[26] P. H. Chankowski, S. Pokorski and J. Wagner, Eur. Phys. J. C 50 (2007) 919, arXiv:hep-
ph/0605302.
15
[27] ATLAS Collaboration, ATLAS-CONF-2012-019.
[28] ATLAS Collaboration, ATLAS-CONF-2012-019.
[29] CMS Collaboration, CMS PAS HIG-12-008.
[30] CMS Collaboration, CMS PAS HIG-12-001.
[31] TEVNPH (Tevatron New Phenomena and Higgs Working Group) and CDF and D0 Col-
laborations, arXiv:1203.3774 [hep-ex].
[32] CMS Collaboration, arXiv:1202.1487 [hep-ex].
[33] P. Bolzoni, F. Maltoni, S. -O. Moch and M. Zaro, Phys. Rev. Lett. 105 (2010) 011801,
arXiv:1003.4451 [hep-ph]. Webpage: http://vbf-nnlo.phys.ucl.ac.be/vbf.html.
[34] S. Dittmaier, C. Mariotti, G. Passarino and R. Tanaka, eds. [LHC
Higgs Cross Section Working Group], arXiv:1101.0593 [hep-ph]. Webpage:
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt7TeV.
[35] A. Azatov, R. Contino, D. Del Re, J. Galloway, M. Grassi and S. Rahatlou, arXiv:1204.4817
[hep-ph].
[36] G. Aarons et al. [ILC Collaboration], arXiv:0709.1893 [hep-ph].
[37] L. Linssen, A. Miyamoto, M. Stanitzki and H. Weerts, eds., arXiv:1202.5940 [physics.ins-
det].
[38] A. Bredenstein, A. Denner, S. Dittmaier and M. M. Weber, Phys. Rev. D 74, 013004
(2006), arXiv:hep-ph/0604011.
[39] A. Gay, Eur. Phys. J. C 49, 489 (2007), arXiv:hep-ph/0604034.
[40] B. A. Kniehl, Z. Phys. C 55, 605 (1992).
[41] A. Denner, J. Kublbeck, R. Mertig and M. Bohm, Z. Phys. C 56, 261 (1992).
[42] A. Denner, S. Dittmaier, M. Roth and M. M. Weber, Phys. Lett. B 560, 196 (2003),
arXiv:hep-ph/0301189.
[43] P. Garcia-Abia and W. Lohmann, Eur. Phys. J. direct C 2, 2 (2000), arXiv:hep-ex/9908065.
[44] C. Castanier, P. Gay, P. Lutz and J. Orloff, in 2nd ECFA/DESY Study 1998-2001, 1362,
arXiv:hep-ex/0101028.
16
